Frozen soil was simulated at six seasonally frozen and seven permafrost stations over the northern Tibetan Plateau using the Variable Infiltration Capacity (VIC) model for the period of 1962-2009. The VIC model resolved the seasonal cycle and temporal evolution of the observed soil temperatures and liquid soil moisture well. The simulated long-term changes during 1962-2009 indicated mostly positive trends for both soil temperature and soil moisture, and negative trends for soil ice content at annual and monthly time scales, although differences existed among the stations, soil layers, and seasons. Increases in soil temperature were due mainly to increases in daily air temperature maxima and internal soil heat conduction, while decreases in soil ice content were related to the warming of frozen soil. For liquid soil moisture, increases in the cold months can be attributed to increases in soil temperature and enhanced soil ice melt while changes in the warm months were the results of competition between positive precipitation and negative soil temperature effects. Precipitation and liquid soil moisture were strongly correlated with evapotranspiration and runoff but had various degrees of correlations with base flow during May-September. Seasonally frozen stations displayed longer and more active hydrological processes than permafrost stations. Slight enhancement of the surface hydrological processes at the study stations was indicated, due to the combined effects of precipitation changes, which were dominant, and frozen soil degradation.
and alters surface water and groundwater flow [Seyfried and Murdock, 1997; Cherkauer and Lettenmaier, 1999; McCauley et al., 2002; Cheng and Jin, 2013] . The presence of a frozen soil layer, especially if it is permafrost, can serve as a barrier to the interaction between surface water and groundwater because of the hydraulic impedance of pore ice, resulting in negligible groundwater flow in permafrost regions [French, 2007] . There are, however, some exceptions to the hydraulic impedance effects due to the existence of taliks and faults beneath permafrost [Cheng and Jin, 2013; Kane et al., 2013] . The specific heat capacity of ice (2.1 J g À1 K À1 ) is half of that of water (4.2 J g À1 K À1 ), whereas the heat conductivity of ice at 0°C (2.18 W K À1 m À1 ) is greater than that of water (0.58 W K À1 m À1 ). Thus, when water or ice changes phases as part of the freeze and thaw process, the system either releases or absorbs substantial latent heat at a rate of 334 J g À1 .
Soil temperature and moisture are the essential elements of the hydroclimate system because they strongly affect water and energy fluxes such as latent and sensible heat flux between the atmosphere and the soil surface. On a diurnal time scale, changes in frozen ground surface temperature and moisture can greatly influence the surface heat and water fluxes, thereby affecting the near-surface profiles of atmospheric state variables [Koren et al., 1999; Y. Zhang et al., 2003; Guo et al., 2011] . Takata and Kimoto [2000] stated that without properly simulating the soil freezing and thawing processes, general circulation models tend to generate cold biases and excessive precipitation, the exact phenomena found for the Coupled Model Intercomparison Project Phase 5 models over the Tibetan Plateau [Su et al., 2013] , due to excessive soil moisture and the induced high evaporation that consume too much energy (latent heat of vaporization).
In a warming climate, the degradation of frozen soil associated with an increase in air temperature, reduction of snow cover in melting season, and ecosystem transformation and land cover changes [Serreze and Francis, 2006; Brown and Robinson, 2011; Callaghan et al., 2011] is expected to fundamentally affect the thermal and hydrological regimes of high-latitude and altitude regions where large areas of permafrost and seasonally frozen soil exist. Frozen soil degradation will change soil hydraulic conductivity, heat capacity, heat conductivity, and the releasing and absorbing of latent heat of fusion. Groundwater discharge into streams is expected to become gradually more important. In the Arctic, changes in permafrost conditions have led to more groundwater flow and increased base flow (subsurface runoff), especially during winter [Peterson et al., 2002; Yang et al., 2002] . Elsewhere, studies also show that, as a result of the thaw of the confining permafrost, groundwater recharge and discharge rates are expected to increase, giving rise to the deepening of groundwater flow paths and the lowering of water table [e.g., Michel and van Everdingen, 1994; St. Jacques and Sauchyn, 2009; Bense et al., 2012] . Permafrost degradation is also linked to shrinking wetlands, release of soil carbon, desertification, worsening of ecological environment, and increased incidence of natural hazard Hinzman et al., 2005; Jin et al., 2009; Z. Yang et al., 2010; Zhang and Wu, 2012; Hayes et al., 2014] .
The largest region of permafrost and seasonally frozen soil outside the Arctic and Antarctic is found over the Tibetan Plateau (TP), located between 25°N and 40°N [Cheng and Jin, 2013] . With an average elevation of approximately 4500 m and a size of 3500 km by 1500 km, the TP exerts great influence on regional and global climate through thermal and mechanical forcings [Manabe and Brocoli, 1990; Yanai et al., 1992; Liu et al., 2007; Nan et al., 2009] . Hydrologically, the TP is the headwater region of several large Asian rivers, including the Yellow River, the Yantze River, the Mekong River, the Salween River, and the Brahmaputra River [Cuo et al., 2014] , which provide water for hundreds of millions of people in South and Southeast Asia. Unlike permafrost at high latitudes, permafrost on the TP is generally ice poor due to the arid climate, high evaporation, and glacial history [M. . Ice segregation, ground heave and subsidence, and related periglacial landforms on the TP are not as common as in high-latitude permafrost regions [M. . Because of these differences, changes in frozen soil on the TP could exhibit different effects on hydrology from what have been reported in the Arctic region [Hinzman et al., 2005] and elsewhere [e.g., Romanovsky et al., 2010; Frauenfeld and Zhang, 2011] .
The Community Land Model simulations on the TP conducted by Guo and Wang [2014] showed that the freeze start date was delayed by 1.7 days per decade, while the freeze end date was advanced by 4.7 days per decade during 1981 . Through field observations in 1997 -1998 , Y. Zhang et al. [2003 reported that the freeze-thaw cycle during the monsoon season is the principal hydrological process in the active layer of the eastern TP permafrost region, and that precipitation and evaporation are the most important controls on this cycle. Wang et al. [2009] also showed that variations in the active layer freeze-thaw cycle, along with vegetation cover changes, appear to be the major factors in controlling the hydrological processes in the permafrost region of the TP. Given the importance of the freeze-thaw cycles that are primarily dictated by changes in soil temperature and moisture, it is necessary to investigate the long-term changes of soil temperature and moisture at different depths and examine how the changes could relate to long-term surface hydrological changes on the TP, which are essentially unknown.
One of the limiting factors in the hydrological study of the TP is the availability of observations [Cuo et al., 2014] . Due to the harsh natural environmental conditions, many areas on the TP are not accessible, and in situ field measurement stations are difficult to establish and maintain. In the absence of adequate long-term field data, hydrological modeling is a logical alternative that can be used to improve our understanding of the frozen soil status, changes and the impact of the changes on hydrology of the TP, to the extent that the hydrological model can reasonably well simulate the frozen soil properties and their changes. The objective of this study is to examine the characteristics and long-term changes of soil temperature and moisture, the possible mechanisms for the changes, and the impacts of the changes on surface hydrology of the northern TP using model simulations.
Methods

Station Locations and Observations
Thirteen stations located in the northern TP were selected for the study (Figure 1 ), both to provide meteorological inputs to drive the VIC model and to provide daily observed soil temperatures and liquid moistures at various depths for model calibration and evaluation. According to the map of frozen soil distribution and classification on the TP [Cheng and Jin, 2013] , six stations in the east and the northwest of the study area are located in seasonally frozen soil, while the remaining seven stations in the southwest are underlain by discontinuous permafrost soil (Table 1 and Figure 1 ). The soil depths at which temperature and moisture observations were taken vary among the stations (Table 1) . Observations for daily soil temperature (0.04-2.7 m) and liquid soil moisture at D66, Amdo, MS3608, and Tuotuohe were from Y. and Yang et al. [2004] , and observations for daily soil temperature at Gangcha, Mengyuan, Xinghai, Maduo, Zaduo, and Mangai (0-3.2 m) were from Qinghai Meteorological Bureau (QMB). Xidatan, Wudaoliang, and Tanggula stations have been operated and maintained by the Cold and Arid Regions Environmental and Engineering Research Institute (CEERI), Chinese Academy of Sciences, and the measurements were made at 0-5 m depths. In this study, data from Y. , Yang et al. [2004] , and CEERI were used for soil moisture modeling calibration, and data from Yang et al. [2004] , QMB, and CEERI were used for soil temperature modeling calibration.
Soil moisture and temperature measurements described by Y. and Yang et al. [2004] were collected during the GAME/Tibet project in 1997-1998. Soil moisture was measured by the time domain reflectometry probes with an accuracy of 1-2%, and soil temperature was measured by the Pt-100 sensors with an accuracy of 0.1°C. Details of the observation systems were described by Y. and Yang et al. [2004] . QMB soil temperature measurement was a standardized routine at most meteorological stations in China before 2010, in which thermometers are placed in small holes at various depths and the measurements are made by pulling out and reading the thermometers at fixed times every day. CEERI soil temperature was measured by the 105 T sensors with an accuracy of 0.1°C [Xiao et al., 2013] .
Among the 13 stations, annual air temperature ranges from À4.8 to 2.8°C and annual precipitation varies between 47 and 529 mm (Table 1) . Tanggula has the highest elevation at 5100 m above mean sea level (msl) and is also one of the stations that record the lowest annual air temperature. Mengyuan is located at the lowest elevation of 2938 m msl, and its annual air temperature is 1.7°C. The driest station is Mangai located at the northwestern tip of Qinghai Province (Figure 1) , with annual precipitation of only 47 mm. Zaduo shows the highest annual precipitation (529 mm) among all stations ( Table 1) .
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Historical records of daily climate station data routinely measured by QMB were used to drive the hydrological model simulations at Gangcha, Mengyuan, Xinghai, Maduo, Zaduo, Mangai, Tuotuohe, and Wudaoliang. In contrast, the simulations at D66, Amdo, MS3608, Xidatan, and Tanggula were forced by the 0.25°× 0.25°gridded climate data set generated by Cuo et al. [2013a] because of incomplete station records. In all cases, observed or gridded daily minimum and maximum air temperature, precipitation, and wind speed were transformed into hourly temperature, precipitation, wind speed, downward shortwave and longwave radiation, and humidity via the indexing algorithms described in Bohn et al. [2013] . Depending on the observation periods of soil temperature and liquid soil moisture, the calibration periods were different among the stations (Table 1) .
Soil and land cover maps at 0.25°× 0.25°resolution were used in the model. Soil texture data were from FAO/ IIASA/ISRIC/ISS-CAS/JRC [2008] . The land cover map for 1994 was compiled by Hansen et al. [2000] . Soil parameters were adopted from http://ldas.gsfc.nasa.gov/nldas/NLDASsoils.php, among them exponential decrease rate for hydraulic conductivity, bulk density, fraction of moisture content at 70% of field capacity, fractional moisture at wilting point, and residual soil moisture were adjusted during the manual calibration. Land cover parameters were based on Cuo et al. [2013b] . These 0.25°× 0.25°resolution data sets were employed by Cuo et al. [2013b] to examine the impacts of climate change and land cover/use transition on the hydrology of the upper Yellow River Basin and were found to represent the regional conditions reasonably well.
Model
In this study, we used the Variable Infiltration Capacity (VIC) model [Liang et al., 1994 [Liang et al., , 1996 , which has been employed successfully in other studies of high-latitude hydrology and frozen soils Journal of Geophysical Research: Atmospheres 10.1002/2015JD023193 [Cherkauer and Lettenmaier, 1999; Su et al., 2006; Slater et al., 1998; Adam et al., 2007; Adam and Lettenmaier, 2008; Troy et al., 2011] . The VIC model is a physically based macroscale hydrological model that solves full water and energy balances. The model simulates surface water balance terms such as evapotranspiration, runoff, base flow (subsurface drainage into the local stream channel network, as opposed to groundwater recharge), liquid soil moisture, total soil moisture including ice content. Surface energy balance terms include radiation, soil temperature, latent, and sensible heat fluxes. The VIC model assumes that the transport of water in partially frozen soil is controlled by the same process as in unsaturated unfrozen soils as originally stated by Harlan [1973] . This approach is based on the similarity between the drying and wetting phenomena in unfrozen soil to the freezing and thawing phenomena in frozen soil [e.g., Spaans and Baker, 1996] . In drying soils, water is removed and replaced by air, leaving the remaining water at an increasingly lower matric potential. The same occurs in freezing soils, except that liquid water changes phase and becomes ice.
In this study, we used a frozen soil module originally developed by Cherkauer and Lettenmaier [1999] that was subsequently improved by Troy [2010] to fix an error in the code that caused spurious cooling trends in deeper soil layers. This frozen soil module explicitly simulates soil temperature based on the flux differences in the top and bottom nodes, latent heat of fusion, ice content, and heat capacity of the current node at an hourly time step. Liquid soil moisture and ice content are updated hourly for each node. At each time step, soil thermal conductivity and soil volumetric heat capacity are also updated based on the changes of moisture content. In the model, the depth of soil thermal layer is greater than that of soil hydrological layer. When simulating soil heat fluxes, the depth of zero-amplitude temperature fluctuation is set to be 50 m below surface at which there is no flux exchange. Fifty nodes are used to simulate heat fluxes in the soil column.
The depths of the nodes are assumed to follow the exponential distributions, small spacing in the top and large spacing in the bottom, and are constant throughout the simulations and across the stations.
Three soil hydrological layers are employed in the model, with the total depth ranging from 3.42 to 4.13 m below surface depending on the stations. Liquid soil moisture and ice content of each hydrological layer are interpolated from those of thermal nodes overlapping with the hydrological layers. The so-obtained liquid soil moisture is fully involved in the hydrological processes such as saturated and unsaturated water movement, evapotranspiration, runoff, and base flow in each hydrological layer. In our analysis, modeled soil temperature was evaluated at the observation depths by interpolating the node depths to the observation depths (Table 1) . Soil hydrology was analyzed for the three soil hydrological layers that were largely based on the observation depths but were tuned for better soil temperature simulations and were different among the data sources (see Table 1 ). In summary, the depths were 0.04-0.1 m, 1.6-1.9 m, and 3-4.13 m for the first, second, and third hydrological layers, respectively.
The model was initialized by running two times from 1957 to 2009. The first run started with zero values for all fluxes and states. The second run was initialized by the conditions on 31 December 2009 output from the first run. The third run was initialized by the conditions of the last day from the second run. The first 5 years of the third run were discarded, and the remaining 1962-2009 was analysis period. The comparison of annual soil temperature in the top 4 m depth in 1957-1962 between the second and the third runs at all stations showed that the differences were small and model reached a stable condition in the third run.
Results
Evaluations of Soil Temperature and Moisture Simulations
The observed and simulated soil temperatures in 10 layers at D66, Amdo, MS3608, Tanggula, Xidatan, Wudaoliang, and Tuotuohe and in 9 layers at Gangcha, Mengyuan, Xinghai, Maduo, Zaduo, and Mangai were compared. The statistical matrices used for soil temperature calibration include annual means, bias in annual means, and coefficient of correlation (R). Table 2 presents the statistics, and it is clear that the biases varied among the stations, with the largest biases noted at MS3608 and D66 and the smallest biases at Wudaoliang and Zaduo. The biases were not related to the site's elevation or the soil type. At all stations, there was a relatively large difference between the observed and simulated annual mean soil temperature in the top layers but the difference decreased in deeper layers. Soil temperature was in general underestimated in June-September by the VIC model (not shown), resulting in the underestimation of daily means at most stations (Table 2 ). In terms of R, most layers of all stations showed correlations equal to or in excess of 0.85 (Table 2 ). This indicates that the VIC model resolved the temporal variations of soil temperature at Journal of Geophysical Research: Atmospheres 10.1002/2015JD023193 Journal of Geophysical Research: Atmospheres 10.1002/2015JD023193 different stations and at different depths quite well. As an example, Figures 2 and 3 show the simulated and observed soil temperatures at Zaduo, a seasonally frozen soil station (SFS), and at Wudaoliang, a permafrost station (PS), respectively, at various depths. The consistency in temporal evolution between the simulations and observations is noticeable.
Simulated liquid soil moisture was compared with the observations at D66, Amdo, MS3608, Tanggula, Xidatan, and Tuotuohe at variable soil depths ( Table 3 ). The statistical matrices used for soil moisture include daily means, daily root-mean-square errors (RMSEs), and coefficient of correlation. The daily means of the observed and simulated liquid soil moisture were very close at all stations, giving rise to small RMSEs ranging Journal of Geophysical Research: Atmospheres 10.1002/2015JD023193 from 0.01 to 0.08 m 3 /m 3 . Correlation coefficients were consistently greater than 0.70, regardless of the stations and depths. Time series plots at Tuotuohe, Tanggula, and Xidatan (Figure 4) indicate that the VIC model was able to resolve the observed seasonal cycle and temporal evolution of soil moisture satisfactorily. There were mismatches between the simulations and observations in the high and low soil moisture values (Figure 4) , which were most likely related to some issues in the warm season (May-September in general) precipitation as well as model deficiencies in resolving the melt season soil temperature. Despite these shortcomings, the performance of the VIC model in simulating soil temperature and liquid soil moisture over the northern TP was deemed acceptable for the purpose of investigating the relative changes in hydrology under changing climate conditions. In the following analysis, we focused on Wudaoliang, Tuotuohe, Mengyuan, and Mangai that represent PS, transition soil, SFS, and dry SFS, respectively. Results at other stations are provided in the supporting information and are included in the analysis when necessary. Table 1 . Soil temperature at the top seven Journal of Geophysical Research: Atmospheres 10.1002/2015JD023193 depths peaked in July and August at all stations. As soil layer depth increased, the peak of soil temperature tended to lag further behind the peak of the layer above and the magnitude of the seasonal cycle became progressively smaller. Wudaoliang, a permafrost station, had a shallow (1.2 m) active layer depth and had frozen soil year round below 1.2 m ( Figure 5 ). At Tuotuohe, soil temperature at the depth of 2.0 m remained around 0°C during November-April but was greater than 0°C during May-October. The seasonal patterns of this station also bore strong resemblance to those of Mengyuan and Mangai, two SFSs, suggesting that the permafrost soil at Tuotuohe has already been degraded to seasonally frozen soil, corroborating the findings of Yang et al. [2003] .
At Mengyuan and Mangai, soil froze during November-March at depths above 1.6 m; while at depths below 1.6 m, soil temperature was above 0°C for the entire year ( Figure 5) . At Mengyuan and Xinghai (Figure S1b) , the seasonal patterns of simulated soil temperature at the top four depths were similar to those of the observations. Figures S1a and S1b in the supporting information show seasonal variation of soil temperature at other PS and SFS stations.
Liquid soil moisture displayed unique and different seasonal patterns between PSs and SFSs ( Figure 6 ). PSs (Figure 6 , top row) showed well-defined seasonal cycles in the three hydrological layers with the peak in the lower layer lagging behind that of the layer immediately above by 1 month. Specifically, at PSs, liquid soil moisture started to rise in April, May, and June; peaked in August, September, and October; and fell in September, October, and November, respectively, in the first, second, and third hydrological layers. The exception was at Tuotuohe and D66 where the second layer showed a plateau spanning from May through October. The third layer at Wudaoliang, Tuotuohe, and Xidatan barely exhibited any seasonal cycle, very similar to the behavior of SFSs (as will be described below). A comparison of Figure 6 with Figure 5 reveals that, at PSs, the seasonal patterns of liquid soil moisture followed closely those of soil temperature and that they both peaked at approximately the same time.
At SFSs (Figure 6, bottom row) , the seasonal cycles of liquid soil moisture were less well defined when compared to those at PSs. In the top two layers of SFSs, liquid soil moisture started to rise in February, formed Figure 5 . Long-term averaged monthly variations of soil temperature in nine layers (see Table 1 for layer depths at each station) at Wudaoliang, Tuotuohe, Mengyuan, and Mangai.
Journal of Geophysical Research: Atmospheres 10.1002/2015JD023193 a plateau lasting from April to September, and dropped in October; while the third layer did not show noticeable seasonal changes except for Xinghai. For most of the SFSs, liquid soil moisture in the second layer was much lower than that in the first layer throughout the year, a clear contrast to most of the PSs, for which the second layer contained just slightly less liquid soil moisture than the first layer. The reason for this disparity is likely related to the hydrological impedance effect of pore ice in permafrost soil. The third layer soil moisture at both PSs and SFSs was much lower than that of the first layer ( Figure 6 ).
Monthly and Annual Changes of Soil Temperature, Moisture and Ice Content
The monthly and annual changes in top depth soil temperature as represented by Mann-Kendall trends during 1962-2009 are presented in Figure 7 . The annual trends were all positive and statistically significant (α = 0.10), consistent with the rising of air temperature in the region [e.g., Cuo et al., 2013a] . The largest annual trend, 0.09°C/yr, occurred at Mangai while the smallest annual trend, 0.02°C/yr, occurred at Amdo ( Figure S2b ). Monthly trends were also positive at all stations, and most were statistically significant. PSs showed large monthly trends during January-March (Figures 7 and S2a) . SFS stations had no consistent patterns in monthly trends (Figures 7 and S2b) . The annual and monthly soil temperature trends at the other depths are included in the supporting information Table S1 . This table indicates that most of the trends were positive and statistically significant and that the top depths generally showed larger trends than the bottom depths. As a reference, the simulated monthly and annual Mann-Kendall trends of soil temperature (0.026-0.086°C/yr) at 0 cm, 5 cm, 10 cm, 15 cm, and 20 cm depths at Mengyuan during 1962-2009 were in the similar range of the observed trends (À0.02-0.06°C/yr).
Annual liquid soil moisture in the top hydrological layer during 1962-2009 showed increases at all stations, and statistically significant (α = 0.10) increasing trends were noted at Tuotuohe and Mangai (Figure 8 , first and second rows). The monthly trends of the top layer liquid soil moisture were also mostly positive across the stations. At PSs, May-June tended to experience the largest increases in liquid soil moisture, while July and August presented a complex picture with either increases or decreases across the stations (Figures 8 (first row) and S3a). At SFSs, large increasing trends tended to occur in the early or late part of the year while June-September was associated with decreasing or small increasing trends (Figures 8 (second row) and S3b). For Figure 8 (first and second rows; Table S2 ), the monthly trends of liquid soil moisture were predominantly positive and most of the trends were statistically significant.
Annual soil ice content in the top layer decreased during 1962-2009 at three stations except for Tuotuohe ( Figure 8, third and fourth rows) . The decreases mostly occurred in October-March, with statistically significant trends noted for Mengyuan. Soil ice content did not exist in the top layer during June-August at PSs and during May-September at SFSs. The changes in liquid moisture and ice content were about an order of magnitude smaller at Tuotuohe compared to other stations. Annual and monthly ice content in the second and third layers also showed decreasing trends at most stations (Table S3 ), and the trends were generally larger than those in the top layer at PSs due to higher ice content. Figures S4a and S4b in the supporting information show ice content changes at all stations.
The above analyses indicate that there were generally warming and wetting trends in the soil layers and decreased ice content although differences existed among the stations. In the following sections, we will examine the possible causes for these changes and the possible impacts of these changes on surface hydrology by focusing on the soil hydrological layers.
Causes of Soil Temperature, Liquid Moisture, and Ice Content Changes
We used modeled coefficient of determination (R 2 ) to investigate the possible causes of soil temperature changes, while modeled Mann-Kendall correlation coefficient (τ) was examined to understand the factors that affect liquid soil moisture, ice content, and surface hydrology due to the nonparametric feature of hydrological properties. Only statistically significant (α = 0.10) coefficients are shown and analyzed. Nonsignificant values appear as gaps in the figures. The gaps are also related to the nature of the variables examined, e.g., ice content usually exists in October-March in the top hydrological layers and so does the correlation. Figure 9 (top four panels) show statistically significant R 2 between the monthly averaged daily air temperature maxima, minima, and the top layer soil temperature, between the top layer and the second layer soil temperature, Journal of Geophysical Research: Atmospheres 10.1002/2015JD023193 and between the second layer and the third layer soil temperature. Clearly, modeled R 2 for air temperature maxima and top layer soil temperature was greater than 0.60 during March-September at nearly all stations (Figure 9 ), indicating that more than 60% of the variance in top layer soil temperature can be explained by air temperature maxima. R 2 between air temperature minima and soil temperature is less than 0.60 for the top layer in March-September at most stations, suggesting that the March-September soil temperature in the top layer was affected more by air temperature maxima than by air temperature minima. R 2 between air temperature maxima and minima and the second layer soil temperature at 1 month lag and the third layer soil temperature at 2 month lag was much lower (<0.4) than that in the top layer (not shown). However, R 2 between the top and the second layer soil temperature, and between the second and the third layer soil temperature was higher for most months at most stations (Figure 9 ), indicating that ground heat conduction had more influence on deep soil temperature than air temperature maxima and minima do. See Figure S5 for other stations. Journal of Geophysical Research: Atmospheres
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Modeled positive τ in excess of 0.5 between soil temperature and liquid soil moisture was found in November-February for the top two layers at nearly all stations (Figure 9 , bottom four panels), indicating that liquid soil moisture increased with soil temperature in the cold months. In May-September, negative τ was identified in the top layer across the stations, implying that increasing soil temperature reduced soil water content. A similar relation was noted in the second layer in May-September for all stations except Wudaoliang where positive τ was seen throughout the year because of deeper second layer (1.89 m) and more ice content available for melting compared to other stations. For the third layer, liquid soil moisture increased with soil temperature at Wudaoliang as positive τ occurred throughout the year; and it increased (decreased) with rising soil temperature during November-April (June-July) (Figure 9 , bottom four panels) at Mengyuan. In the third layer at Tuotuohe and Mangai, τ was somewhat different from the rest of the Figure 9 . (top four panels) Coefficients of determination between monthly air temperature maxima/minima and soil temperature in the top soil hydrological layer (Tmax-ST1 and Tmin-ST1), between the top layer and the second layer soil temperature (ST1-ST2), and between the second layer and the third layer soil temperature (ST2-ST3). (bottom four panels) Mann-Kendall correlation coefficients (τ) between monthly soil temperature/precipitation and liquid soil moisture and between soil temperature and ice content in three soil hydrological layers. Only statistically significant values at α = 0.10 are plotted. The same notation also applies for the following figures.
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PSs and SFSs, respectively. This analysis suggests that at PS deep layer soil moisture increased with soil temperature year round while at SFS it manifested a seasonal variability.
Primarily, negative correlations were noted between soil temperature and ice content across the stations (Figure 9 , bottom four panels) due to the fact that ice melts more as soil temperature rises. At Wudaoliang, τ was strongly negative in May, June, and September in the top layer but showed little seasonal variation and was positive in the third layer because of very low soil temperature. At Mengyuan and Mangai, negative τ was identified only in October-May (Figure 9 , bottom four panels) since ice content was zero in the warm months at SFS, different from PS where ice content existed in both the second and the third layers throughout the year. See Figure S6 in the supporting information for other stations.
Precipitation primarily affected the top layer liquid soil moisture positively in June-September across the stations (Figure 9 , bottom four panels). This is due to the fact that precipitation was concentrated in May-October (about 80% of the annual precipitation) in the region and directly contributed to the surface hydrological processes [Cuo et al., 2013b] . In contrast, in November-April, not only was there relatively little precipitation but also the precipitation was solid and therefore not actively involved in liquid water movement. Compared to the top layer, the impact of precipitation was limited in the bottom two layers especially at Wudaoliang (Figure 9 , bottom four panels). The exception was at Mangai where the third layer τ was consistently greater than that in the top layer, suggesting that precipitation could infiltrate into and supply water to the bottom layer. At Tuotuohe and Wudaoliang, the third layer τ was negative in March and April, probably because the solid form of precipitation failed to contribute to liquid soil moisture. The effects of precipitation were weaker than the effects of soil temperature at PSs and were similar at SFSs in general. Our analysis showed that in June-September, the positive impacts on the top layer liquid moisture by precipitation were offset to some extent by the negative impacts from soil temperature. This is likely one of the reasons that changes in liquid soil moisture at SFSs tended to be small or negative in the warm months (Figure 8 ) even though the northern TP has become wetter in recent decades [Cuo et al., 2013a] . See Figure S6 in the supporting information for other stations.
Tuotuohe and Mangai were clearly the outliers of the respective groups of PS and SFS. Although located in the discontinuous permafrost region [Cheng and Jin, 2013] , Tuotuohe shows more resemblance in many features to those of SFSs than PSs, which strongly indicates that degradation has occurred at Tuotuohe. Mangai is a dry station where annual precipitation is about 47 mm, with the weakest intensity of the hydrological cycle among SFSs, and with different soil properties from the other SFSs.
The above model analyses indicate that increases in liquid soil moisture in the top layer in the cold months are due mainly to increases in soil temperature and enhanced soil ice melt, which is essentially the consequence of frozen soil degradation. In the warm months, however, changes in liquid soil moisture in the top layer are the result of competing forcings between the positive precipitation and the negative soil temperature effects. In the second and third soil hydrological layers, liquid moisture is affected negatively by soil temperature and positively by precipitation at SFSs; and it is affected predominantly by soil temperature at PSs. It is expected that, besides precipitation changes, changes in liquid soil moisture also have implications for surface hydrological processes, though at varying degrees.
Surface Hydrological Changes
Examinations of the modeled correlations between liquid soil moisture, precipitation, and evapotranspiration (ET), runoff (RF) and base flow (BF), the important components of surface hydrology, could provide insights into surface hydrological changes. Although RF, BF, and ET were not calibrated due to lack of data, they were assumed to be reasonable because of the following reasons: during May-September stayed around 0.40 at PSs while they were generally larger than 0.5 at SFSs (Figures 10 and S7 ). Tuotuohe had more significant correlations in a longer time span than Wudaoliang did. Mangai was associated with much lower τ and a narrower time span for SM1-ET and SM1-RF in the warm months when compared to Mengyuan, due to Mangai's extremely dry climate. The top layer liquid soil moisture had a weak correlation with base flow, especially at PSs and dry SFS. The second and third layer liquid soil moisture at Mengyuan displayed strong correlations with base flow during May-November, as reflected by statistically significant and positive τ greater than 0.5 (in some cases close to 1.0). On the other hand, liquid soil moisture in the second and third layers exerted limited influence on ET and RF, as indicated by rather weak correlations (not shown). The effects of liquid soil moisture in the bottom two layers on BF at PSs and Mangai were very small and were limited in time span. These results suggest that under current conditions, permafrost soil plays a limited role in surface hydrological processes compared to seasonally frozen soil. However, as global warming continues and permafrost degrades to seasonally frozen soil (e.g., Tuotuohe), more active surface hydrological processes could be expected in the warm months in the region.
Across the stations, τ for Prec-ET and Prec-RF was predominantly positive and was always higher than that between precipitation and base flow (Figure 10) . At Mengyuan, the second and the third layer liquid soil moisture had stronger effects on base flow than precipitation did in May-November (Figure 10) , consistent with the reality that base flow generation is dominated by deep layer liquid soil moisture rather than by precipitation. Figure 10 further shows that the effects of precipitation on ET and RF were larger and of a longer duration than those of the top layer liquid soil moisture, as τ for Prec-ET and Prec-RF spans nearly the entire year instead of being concentrated in the warm months (as in the case for the top layer liquid soil moisture). Given the strong and positive correlations for Prec-ET and Prec-RF, it is expected that ET and RF at most stations will increase with increasing precipitation. As base flow also increases with increasing deep layer liquid soil moisture, it is reasonable to infer that the hydrological processes at the study sites will be intensified. See Figure S7 in the supporting information for other stations. Figure 11 shows the annual and monthly trends of simulated ET, RF, BF, and observed precipitation. Unlike the trends of soil temperature and liquid soil moisture, most of the ET, RF, and BF trends were not statistically significant. Not surprisingly, the seasonal patterns in ET changes closely followed those of precipitation changes across the stations, demonstrating the importance of precipitation in the ET change in this region. Increasing annual ET over 1962-2009 was indicated at most stations except for Mangai, because the effects of decreasing precipitation overwhelmed those of increasing liquid soil moisture in the top layer ( Figure 11) . A majority of the monthly ET trends were positive, although they were not statistically significant. Journal of Geophysical Research: Atmospheres
10.1002/2015JD023193
Most annual RF trends were positive but small except at Tuotuohe and Mangai where the trends were zero (Figure 11 ). The seasonal patterns of RF changes largely followed those of precipitation changes at most SFSs and PSs except Tuotuohe and Mangai. During November-February, the monthly RF and BF trends were zero while the monthly soil ice content (liquid soil moisture) exhibited mostly decreasing (increasing) trends ( Figure 8 and Table S3 ), suggesting that the enhanced ice melt and liquid soil moisture had not contributed to water resources yet during November-February. During May-November, the monthly RF trends were mainly positive across the stations, with the increase starting in March at SFSs and in May at PSs. Compared to ET and RF, BF changes were much smaller, largely because of the low BF in this region to begin with. BF changes only occurred in June-October ( Figure S8 ). Slight positive trends in annual BF were noted at Wudaoliang and Mengyuan. See Figure S8 for other stations.
Surface hydrological processes were in general enhanced, though not in a statistically significant way. The enhancement was due mainly to increasing precipitation, with frozen soil degradation also playing some role through its effects on evapotranspiration, runoff, and base flow.
Discussion
Over the TP, long-term soil temperature observations are limited and soil moisture observations are rare. Due to this data limitation, long-term changes in permafrost and seasonally frozen soil and their impacts on surface hydrology are essentially unknown in the region. As an alternative, the physically based VIC model was used to simulate soil temperature and soil moisture for an extended period of time and investigate their long-term changes and the implications of the changes on surface hydrology. Validations of the VIC model simulations at PSs and SFSs using available observations showed that the model resolved the observed magnitude of soil temperature and soil moisture reasonably well, and the seasonal cycles and temporal evolutions quite well. This work lays a foundation for future studies of the effects of frozen soil degradation on water cycle components in large watersheds on the TP.
Degradation of permafrost soil at Tuotuohe has already occurred, and it is highly likely that other permafrost soil in the region will degrade, as soil temperature keeps rising while soil ice content keeps declining because of increasing air temperature. The consequence of the permafrost soil degradation and the increase of deep layer liquid soil moisture will be the enhancement of base flow, because of the positive correlation between the deep layer liquid soil moisture and base flow, a phenomenon that was also reported by Peterson et al. [2002] and Yang et al. [2002] for the Arctic rivers. However, a difference exists between the TP and the Arctic in the timing of the base flow increase, with the increase occurring in winter in the Arctic but in the Journal of Geophysical Research: Atmospheres 10.1002/2015JD023193 warm months on the TP. Also, over the past five decades, the warm months base flow increase rate is very low at the study sites, because of (1) relatively low liquid soil moisture content, as shown in Figure 6 ; and (2) icepoor frozen soil (<0.40 m 3 /m 3 and < 0.16 m 3 /m 3 ice content in the second and third layers, respectively) in general on the TP due to its arid climate, high elevation, and glacial history, as reported by M. . Furthermore, because the duration of active surface hydrological processes during a year is shorter at PSs than at SFSs, it is highly possible that permafrost degradation to seasonally frozen soil could further intensify the surface hydrological processes.
Warming of frozen soil and changes in liquid soil moisture could affect vegetation growth in the region where vegetation root concentrates at a depth less than 0.2 m. Depending on the tradeoff between the negative impacts of soil temperature and the positive impacts of precipitation on soil moisture in the shallow top layers, changes in soil moisture might not be in favor of vegetation growth in the warm months, especially for SFSs, where some of the warm months have already seen decreased soil moisture in the top layer (Figures 8 and S3 ). On the other hand, due to warming of frozen soil and increased liquid soil moisture in the thawing and freezing seasons, the growing season may become longer, which has been reported to happen in northern North America [Stow et al., 2003; Jia et al., 2003] .
It is recognized here that, despite the satisfactory performance of the VIC model, discrepancies between the simulations and observations were noted that could come from several sources including model deficiencies, uncertainties in climate forcing data, errors in soil temperature, and moisture observations. As a large-scale hydrological model, the VIC model was set up at 0.25°× 0.25°resolution for the purpose of studying the regional surface hydrology. Clearly, scale mismatch in elevation, soil, vegetation, and climate data (for D66, Amdo, MS3608, Xidatan, and Tanggula only because historical records are not available at these stations) between grid cells and observation points will contribute to the discrepancies between the simulations and observations as simulations at a grid cell only represent the average conditions of the cell. Compared to the simulations driven by the observed climate records at Gangcha, Mengyuan, Xinghai, Maduo, Zaduo, Mangai, Tuotuohe, and Wudaoliang, simulations at the same stations driven by the gridded climate data are slightly inferior, which points to uncertainties in the gridded climate data.
The differences in the top layer soil temperature between the simulations and observations could also be related to model deficiencies in realistically representing the input variables. The top layer soil temperature is very sensitive to the surface weather conditions [Li et al., 2014] , such as incoming shortwave radiation, daily maximum air temperature, and precipitation. Due to the lack of observations at all stations, incoming shortwave and longwave radiation were estimated from the maximum, minimum air temperature, and precipitation records through the indexing algorithms of Bohn et al. [2013] , which were developed at temperate, low-altitude sites and might be less valid on the TP. Any deficiencies in the estimated incoming radiation could be translated to errors in model simulations.
Potentially systematic observation errors of soil temperature and soil moisture could also account for some of the discrepancies. For example, the model consistently underestimates the warm months soil temperature in the top layers at SFSs that are operated and maintained by QMB. In contrast, at the stations that are managed by CEERI, the model overestimates the warm months soil temperature in the top layers. It is possible that errors associated with the different measurements could explain the systematic differences between the simulations and observations.
Conclusions
Using the VIC model, the frozen soil conditions, frozen soil changes, and its impacts on surface hydrology were investigated. Annual and monthly soil temperature shows mostly statistically significant increasing trends during 1962-2009 across the stations. Most monthly trends of liquid soil moisture are positive and statistically significant across the stations. Soil ice content decreases at nearly all stations, and the decreases occur mostly in the cold months. Increases in soil temperature in the top layers can be largely attributable to increases in daily air temperature maxima; however, the deep layer soil temperature is mostly affected by ground heat conduction.
Correlation analyses indicate that precipitation affects primarily the top layer liquid moisture in the warm months, while the effects of soil temperature can span the entire hydrological layers, especially at permafrost Journal of Geophysical Research: Atmospheres 10.1002/2015JD023193 sites. For liquid soil moisture, increases in the cold months are due mainly to increases in soil temperature and enhanced soil ice melt, while changes in the warm months vary among months and stations and are the results of competing forcings between positive precipitation and negative soil temperature effects in the top layer.
PSs and SFSs exhibit distinct thermal and hydrological features that are different from each other. PSs display a narrower time span of active hydrological processes (i.e., May-September) than SFSs (i.e., April-October).
Both precipitation and liquid soil moisture display positive correlations with ET, runoff during the warm months across the stations. Base flow generation is dominated by deep layer liquid soil moisture. ET changes are largely associated with precipitation changes. The slight enhancement of the surface hydrological processes is indicated primarily by the statistically nonsignificant changes in ET and runoff in most months at the study sites, and the enhancement is due mainly to the effects of precipitation changes, and secondly to frozen soil degradation.
